. Average purification rates of BOD 5 , TSS, TP, PO 4 -P and total carbon fluctuated < 2.5% between both periods. However purification rates of NH 4 -N and Organic-P decreased by 9.5 and 12% respectively during warm period.
Average removal rates of TSS and BOD 5 were unaffected between both periods, while that of COD Cr , TN, total carbon increased by 3-4% during warm period. Hybrid sub-surface CW system achieved purification and removal INTRODUCTION Constructed wetlands (CWs) have shown their ability to remove large amounts of organic material, nitrogen and phosphorus from wastewater of various origins (Tanner et al., 1995; Tunçsiper, 2009; Justin, et al., 2009; Hilley et al., 2003) . They are considered to be cost-effective and simple in design and operation (Hunt et al., 2009 ).
Based on their designs, CWs can be categorized as surface flow (SF) and sub-surface flow (SSF) CWs. SF CWs require relatively large area and associated with odor problem during the course of water treatment.
However SSF CWs which were developed few decades back are well known for their smaller footprints and efficient treatment ability.
Considering the flow of wastewater in the CW unit during treatment,
SSF CWs can be differentiated as Horizontal sub-surface flow (HF) or
Vertical sub-surface (VF) CWs. HF CWs are good for removal of organics and suspended solids (Vymazal, 2005) , but are unable to achieve full nitrification (Cooper, 1999) . HF CWs have been successfully tested for milking parlor/dairy waste water treatment in different parts of world (Kern and Bretter, 2002; Montavi, et al., 2002 Montavi, et al., , 2003 Hill, et al., 2003) . VF CWs posses aerobic environment which provide nitrates (Molle et al., 2008) and also have advantage of reduced footprints. They have also been tested for variety of wastewaters including milking parlor/dairy wastewater (Veenstra, 1998; Kern and Idler, 1999) . The recent developments in CW technology showed the way to exploit the individual characteristics of VF and HF CWs together in one system in the form of hybrid CWs. Hybrid CWs has gained popularity all over the world and been operated for the treatment of various kinds of waste waters. (Burka and Lawrence, 1990; Kantawanichkul and Neamkam, 2003; Brix et al., 2003; Bulc, 2006; Öövel, 2007; Tuszyñska, 2008; Justin, 2009; Singh et al., 2009; Vymazal, 2011; Serrano et al., 2011) , however limited studies are available reflecting the treatment potential of hybrid CWs for high strength dairy/milking parlor wastewater under extremely cold climates (Reeb and Werckmann, 2005; Abe et al., 2010 , Sharma et al., 2011 .
Live stock wastewater treatment became rigorous in Japan after the enforcement of new law on 'Livestock excreta management and recycling' in 2004 (Abe et al., 2010 (Fig. 1) . VF beds were designed as per the design recommendations of Paul Cooper.
The areas of VF beds were calculated using following equations (Cooper, 1997; . Area of HF bed was kept nearly equal to areas of both VF beds together so that both beds (VF &HF) could equally contribute in treatment of wastewater.
Filter material, bed depth, surface vegetation
The first, VF(a) and second,VF(b) beds are vertical sub-surface flow beds, each160 m 2 whereas third (HF) bed is horizontal sub-surface bed, 336 m 2 in area. Details of filter material and surface vegetation of all beds can be found in Sharma, et al., (2011) .
Siphons were used for dosing wastewater at VF beds. For HF bed, an electric pump was used for dosing wastewater instead of siphon because of hydraulic limitations. Waste water was pretreated in a sedimentation tank (5.4 m 3 ) for settling suspended solids.
2.2
Sampling measurement and analysis at sampling locations S1, S2, S3 and S4 (Fig.1) . The waste water flow and temperature monitoring equipments were installed at all sampling locations. Pressure type water sensors were used for measuring water flow. At S4 location, water flow was measured using a triangular weir.
Air temperature sensor, rainfall and snow measurement instruments were installed near S2 location. We used tipping bucket type rain gauge for measuring rainfall. The statistical analysis of the data was performed using the programme Analyse-it 2.22. Spearman Rank Correlation analysis was used to analyse the relationship between the water quality parameters and environmental indicators for cold and warm periods. The level of significance (p) <0.05 was accepted in all cases.
System efficiency for pollutant removal
Besides monitoring the changes in concentration and load, the efficiency of hybrid sub-surface CWs was calculated in terms of purification and removal rates of all selected parameters of wastewater during both 11 warm and cold periods.
RESULTS

Meteorology
The daily mean air temperature showed a difference of 16. Daily mean air temperature was constantly below zero during January and February months of cold period. Although temperature showed a significant drop from influent to effluent during cold period however wastewater did not freeze and treatment continued underneath the bed surfaces throughout the study period.
3.3
Seasonal variations in Influent and effluent concentrations
pH, EC and ORP
Mean influent pH during cold period was 7.0±0.5 and it showed a slight decrease in the effluent with an average value of 6.6±0.9.
However, during warm period mean pH of 6.2±0.7 in influent increased to 6.9±0.4 at effluent. EC concentrations of influent and effluent showed similarity for both periods. Average EC decrease from influent to effluent during cold and warm periods was found as 0.4 and 0.5 mS cm -1
. Average ORP in the influent during cold and warm periods was observed as 227±59 and 204±51 mV whereas in the effluent, average ORP concentrations were increased to 292±99 and 250±80 mV during 
Organic matter, total suspended solids and nutrients
The waste water from the milking parlor had a high organic load with average COD Cr concentrations of 3,749±2,054 mg L Influent 7.0 ± 0.5 1.2 ± 0.3 2.7 ± 1.5 227 ± 59 23.9 ± 10.5 Effluent 6.6 ± 0.9 0.8 ± 0.4 3.0 ± 1.9 292 ± 99 3.9 ± 2.6 Influent 6.2 ± 0.7 1.4 ± 0.4 0.8 ± 0.8 204 ± 51 31.9 ± 16.6 Effluent 6.9 ± 0.4 0.9 ± 0.2 1.4 ± 0.8 250 ± 80 6.0 ± 3.6 (Table 2) . Average TSS and COD Cr loads in influent were higher in warm period compared to cold period. However effluent 18 showed nearly similar loads for COD Cr and TSS for both periods.
Average Influent and effluent BOD 5 loads in contrast, were higher during cold period compared to warm period. Influent and effluent loads of TN, NH 4 -N, TP and PO 4 -P showed a strong similarity between cold and warm periods. respectively.
Seasonal variations in purification and removal rates
In VF beds, higher purification rates were observed for COD Cr , TN, Furthermore, positive correlation of TSS and TN in influent and higher removal rates of TSS during both periods gives a confirmation of it (Table 3 and NO 3 -N concentrations could not be observed at HF outlet, which is the final outlet also.TSS purification and removal rates were consistent during both cold and warm periods because TSS is removed by filtration and sedimentation processes which are not temperature dependent. Kadlec et al.,(2003) also found in his study that seasonal variations does not affect TSS removal rate. The correlation values between TSS and air temperature during both periods also gives a confirmation of it (Table 3 and 4) . COD Cr showed a slight increase in purification and removal rates during warm period compared to cold 29 period. This probably was because of higher average COD Cr load in the influent during warm period compared to the cold period. (Table 2 ).
Generally high influent concentrations correspond with high reductions, reflecting a high buffer capacity of the constructed wetlands. Kern, (2003) also observed an increase in the COD removal rate with increase in influent concentrations. BOD 5 removal and purification rates were almost unchanged during both periods. As BOD 5 was in the form of particulate suspended soilds (TSS in this case; R=0.63, p<0.05) which has no seasonal effect, therefore, purification and removal rates of BOD 5 showed no variation between cold and warm periods. Previous studies such as; Bavor, et al., 1989; Bahlo and Wach, 1990 and Vymazal, 2011 between cold and warm period showed no effect on TP purification rate.
Several other researchers such as; Jessen et al.,(1993) ; Maehlum and Stalnacke (1999); Zϋst and Schönborn (2003) and Yalcuk and Ugurlu, (2009) also reported in their studies that temperature had no effect on the TP removal from wastewater. on purification and removal rates of total carbon during warm period.
Infact the purification and removal rates were increased by 2 and 4% respectively during warm period compared to cold period. High decomposition rate during warm period and buffering characteristics of CWs might be the possible reasons for increased purification and removal rates during warm periods. Total coliform showed a 4% higher purification rate during warm period compared to cold period, however average purification rates were above 90% in both periods. Principle mechanism in removal of total coliform from wastewater seemed to be filtration of total coliform at filter media of beds followed by natural die-off and predation. Higher purification rate during warm period was in accordance with the results of Kern (2000) who observed 99.3 and 95.8% purification of coliform during warm and cold period.
CONCLUSIONS
The hybrid sub-surface flow CWs may be considered efficient for 33 treating milking parlor waste water during warm and extremely cold periods. It is remarkable that besides extremely low air and water temperatures along with heavy snow cover over the beds during winter months, treatment continued without affecting the purification and removal efficiency of system except in snow melting and rainy seasons, which showed low TP purification rates. Therefore, analysis of Phosphorus mass flux before and after these seasons are recommended in future studies for understanding the exact cause of low TP removal efficiencies in snow melting and rainy seasons. It was demonstrated that COD, TN and TP mainly derived from particulate organic matter. High organic load although limited the good nitrification at VF beds however TN removal rates were quite satisfactory. The final effluent met discharge limit for TN, TP, NH 4 -N, BOD 5 and total coliform, however COD Cr could not meet the discharge limit value of 120 mg L -1 at final outlet. As COD Cr mainly derived from suspended particulate matter, a better arrangement for separation of TSS at sedimentation tank would therefore help in achieving discharge targets for COD Cr in 34 final effluent. Purification and removal rates increased slightly during warm period for TSS, COD Cr , TN, TC and total coliform, however performance of system was quite good for both warm and cold periods.
Furthermore, Regardless of extremely adverse climatic conditions and high nutrient loads, hybrid sub-surface CWs can efficiently achieve higher purification and removal rates of >95% for TSS and total coliform, >89% for COD Cr and BOD 5 , >76% for TN and >72% for TP during both cold and warm periods.
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